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We present the Fermi-surface map of the spin-chiral bulk states for the non-centrosymmetric
semiconductor BiTeI using de Haas-van Alphen and Shubnikov-de Haas oscillations. We identify
two distinct Fermi surfaces with a unique spindle-torus-type topology and the non-trivial Berry
phases, confirming the spin chirality with oppositely circulating spin-texture. Near the quantum
limit at high magnetic fields, we find a substantial Zeeman effect with an effective g-factor of ∼ 60
for the Rashba-split Fermi surfaces. These findings provide clear evidence of strong Rashba and
Zeeman coupling in the bulk states of BiTeI, suggesting that BiTeI is a good platform hosting the
spin-polarized chiral states.
PACS numbers: 71.70.Ej, 71.18.+y, 71.20.Nr
Exotic electronic orders in crystalline solids arise when
the spin degeneracy is lifted by the inversion or time-
reversal symmetry breaking. For example, in supercon-
ductivity, strong Rashba coupling induces the parity mix-
ing of the spin-singlet and the spin-triplet pairing [1],
and strong Zeeman coupling produces the spatially-
modulated superconducting order known as the Fulde-
Ferrell-Larkin-Ovchinnikov phase [2]. Also, both strong
Rashba and Zeeman coupling combined with the super-
conductivity lead to spin polarized superconductors that
can host the Majorana states [3]. However, experimental
realization of these exotic phases in three dimensional
(3D) materials, which are good platforms for the elec-
tronic orders, is usually limited by very small Rashba
and Zeeman coupling strengths. In this respect, the non-
centrosymmetric semiconductor BiTeI has attracted con-
siderable interest recently because it can provide an in-
trinsic 3D bulk system with giant Rashba effect [4–9].
BiTeI consists of positively charged BiTe layers and
negatively charged I layers stacked alternately without
the inversion symmetry. Ab-initio calculations predicted
that the Rashba effect is greatly enhanced for bulk states
of BiTeI with a large Rashba parameter αR of ∼ 3.5
eV/A˚ [5]. Experimental verification of the spin-chiral
bulk states in BiTeI is essential and several angle re-
solved photoemission spectroscopy (ARPES) measure-
ments [4, 6–8] have been performed for this purpose.
These studies, however, demonstrated that two dimen-
sional (2D) Rashba-split surface states coexist with 3D
Fermi surfaces. This blocks a direct access to the Rashba-
split bulk Fermi surfaces in BiTeI, and their detailed na-
ture of the spin chirality, the Fermi surface topology, and
the strengths of Rashba and Zeeman coupling has not
been clarified yet.
In contrast to ARPES, magnetic quantum oscillations
at high magnetic fields provide a more sensitive probe for
investigating the Fermi surfaces in all crystallographic
axes [10] as well as their spin chirality with nontrivial
Berry’s phases [11–15]. In fact, the quantum oscillations
of the resistivity, i.e., the Shubnikov-de Haas (SdH) ef-
fect, were employed recently to study the Fermi surfaces
of BiTeI [16, 17]. However, the SdH measurements alone
cannot completely rule out the possibility of detecting the
Rashba-split surface states rather than the bulk states.
This contrasts to the de Haas-van Alphen (dHvA) effect,
i.e., the quantum oscillations of magnetic susceptibility,
which is bulk sensitive. In this Letter, we present the full
map of the bulk Fermi surfaces of BiTeI obtained from
both dHvA and SdH measurements over wide ranges of
magnitude and tilting angle of magnetic fields. We un-
ambiguously determine the spindle-torus-type topology,
the oppositely circulating spin chirality, and the signifi-
cantly large g-factor in the Rashba-split bulk Fermi sur-
faces of BiTeI. These results suggest that BiTeI provides
a promising platform to incorporate spin-polarized bulk
states, which can host intriguing electronic orders with-
out spin degeneracy.
Single crystals of BiTeI were grown using the Bridgman
method [4]. For the dHvA experiments, we employed
torque magnetometry. Small single crystals with a size
of about 30×30×10 µm3 were mounted on the minia-
ture Seiko piezo-resistive cantilever. To study the SdH
effects, the in-plane resistivity was measured in the stan-
dard 6-probe geometry. In total, four samples (S1∼S4)
from the same batch were measured in magnetic fields up
to 14 T using a Physical Properties Measurement Sys-
tem (Quantum Design), to 33 T using a Bitter magnet
at the National High Magnetic Field Lab. (NHMFL),
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FIG. 1: (color online) (a) Torque signal τ (S1) and (b) the
in-plane resistivity ρ of BiTeI (S2) as a function of normal
magnetic fields, B⊥ = B cos θ under static magnetic fields
up to 32 T at T = 0.35 K for different angle θ with respect
to the c-axis. The in-plane resistivity of BiTeI at different
temperatures (c) under pulsed magnetic fields up to 62 T
(S3) and (d) under static magnetic fields of up to 14 T (S4).
Tallahassee, USA, and to 62 T using a pulsed field mag-
net at the Hochfeld-Magnetlabor (HLD), Dresden, Ger-
many. First principles calculations were carried out in
the plane-wave basis within the local-density and gen-
eralized gradient approximations (LDA and GGA) for
exchange-correlation functionals [18, 19]. We used the
Vienna ab-initio simulation package [20]. A Cutoff en-
ergy of 400 eV was chosen in the plane-wave basis set to
expand the wave-functions and atomic potentials. Em-
ploying the experimental lattice parameters a = 4.340 A˚
and c = 6.854 A˚ [21], the ionic positions were fully opti-
mized until the forces on each ion became less than 0.01
eV/A˚. The k-point integration was done by sampling the
Brillouin zone with k-point meshes of 10×10×8 grids.
Figure 1(a) shows the magnetic field dependence of the
torque signal τ as the magnetic field is rotated from B ‖
[001] (θ = 0o) towards B ‖ [100] (θ = 90o) at T = 0.35 K.
τ(B) tends to curve with a dip or a hump near B ∼ 5 T,
followed by the B2-dependence at higher magnetic fields,
which is in contrast to the conventional B2 dependence.
Since the torque magnetometry measures the anisotropy
of magnetic susceptibility (∆χ = χc − χab) as described
by τ ∝ B2∆χ sin(2θ) [22], initial decrease of τ(B) in our
measurement should be related to a strong diamagnetic
signal for BiTeI. In fact, a recent study on the magnetic
susceptibility of BiTeI demonstrated a large diamagnetic
susceptibility (χc < 0) while keeping a paramagnetic χab
when the Fermi level is near the band crossing point [23].
In addition to the background signal in τ(B), clear dHvA
oscillations were observed [Fig. 1(a)]. We found slow os-
cillations at relatively low magnetic fields (denoted by
the arrows in Fig. 1) and fast oscillations at higher mag-
netic fields above B ∼ 11 T [24]. The SdH oscillations in
the in-plane resistivity ρ upon variation in angle θ [Fig.
1(b)] and temperature [Fig. 1(c)-(d)] also show consis-
tent results with Fig. 1(a).
Unlike the SdH effect, the dHvA effect has dominant
sensitivity on the bulk states over the surface states.
The dHvA effect may be found in 2D electron systems,
producing small saw-tooth-type oscillations due to the
chemical potential rearrangement [25]. But, this is not
the case in our results. The consistent results obtained
from dHvA and SdH measurements provide direct evi-
dence of monitoring the bulk Fermi surfaces of BiTeI.
The dHvA and SdH oscillations of BiTeI differ essentially
from the typical behaviors of Rashba-split Fermi surfaces
in semiconductor heterostructures. For a small Rashba
splitting, the inner and outer Fermi surfaces should have
similar sizes, and produce a beating pattern in the quan-
tum oscillations as found in e.g., InGaAs/InAlAs het-
erostructures [26]. In BiTeI, however, we observed two
well-separated frequencies. For θ ≈ 0, frequencies of
F ∼4.5(6)T and F ∼360(10)T correspond to the inner
and the outer Fermi surfaces, respectively. From the On-
sager relation F = (Φ0/2pi
2)SF , where Φ0 is the flux
quantum and SF the Fermi surface size, we estimate SF
to be 0.043(5) nm−2 and 3.48(7) nm−2 for each oscilla-
tion, consistent with recent SdH measurements [16, 17].
Such a large difference in the size of Rashba-split Fermi
surfaces confirms the giant bulk Rashba effect in BiTeI.
Having established that the quantum oscillations orig-
inate from the 3D bulk states, now we discuss the Fermi
surface topology of BiTeI. As the Fermi level EF crosses
the degenerate point (EF= 0), the bulk Fermi surface
of BiTeI undergoes a topological transition from a ring-
torus-type (EF < 0) to a spindle-torus-type (EF > 0)
[Fig. 2(a) and (b)]. Accompanied by the topology
change, the spin textures of the inner and the outer Fermi
surfaces are also significantly modified. In the Rashba-
split Fermi surfaces, the circulating direction of the po-
larized spins is opposite in the upper and the lower bands.
Therefore, for the spindle-torus-type (EF > 0), electron
spins in the inner and the outer Fermi surfaces circulate
in the opposite direction. In contrast, for the ring-torus-
type (EF < 0), they circulate in the same direction.
The experimental determination of the Fermi surface
topology, however, is hampered by subtle differences in
the shapes of the spindle-torus-type and the ring-torus-
type Fermi surfaces. For example, the intensity map
of bulk-sensitive soft X-ray ARPES cannot distinguish
them due to insufficient resolution [7, 8]. Comparing the
Fermi surface sizes (SF ) and the cyclotron mass (mc)
from SdH measurements with ab-initio calculations [17]
is also not enough either to determine the Fermi surface
topology. In Fig. 2(c) and (d), we show the calculated
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FIG. 2: (color online) (a) Band dispersion along the symmetry
line L-A-L. The Brillouin zone of BiTeI is given in the inset.
(b) The Fermi surfaces for EF = 30, 0, and -30 meV, which are
indicated as dashed lines in (a). (c) The size (SF ) and (d) the
cyclotron mass (mc) as a function of EF . The dashed (solid)
lines indicate the results using LDA (GGA) functionals. The
experimentally determined SF and mc are also plotted with
(red) solid lines.
SF and mc for the inner and the outer Fermi surfaces
as a function of EF , using LDA and GGA functionals.
We note that the sizes of the Fermi surfaces [27] are
slightly larger in the LDA case than in the GGA case [Fig.
2(a)]. The experimental values of SF and mc for the in-
ner and the outer Fermi surfaces are in reasonable agree-
ment with the LDA calculations by assuming EF ≈ −30
meV and the ring-torus-type Fermi surfaces [Fig. 2(c)
and (d)]. However, the comparison with the GGA calcu-
lations yields EF ≈ 30 meV and the spindle-torus-type
Fermi surfaces.
The angle dependence of the dHvA and SdH oscilla-
tions unambiguously determines the Fermi surface topol-
ogy. Figure 3 shows the oscillatory part of the torque
signal (τosc) and the resistivity (∆ρosc) as a function of
the out-of-plane magnetic field B⊥ = Bcos(θ). At low an-
gles, the oscillations show a scaling of the peak positions
with B⊥, while such a scaling breaks down at higher an-
gles [Fig. 3(a)−(c)]. The corresponding frequencies [28]
with the tilted angles θ follow F ∝ 1/cos(θ) at low θ’s
for both the inner and the outer Fermi surfaces. Such a
quasi-2D behaviour is consistent with the previous stud-
ies [17]. The clear deviation from the 2D behaviour is
only observed at θ > 70o for the inner Fermi surface and
at θ > 40o for the outer Fermi surface. These results
clearly demonstrate that SdH and dHvA measurements
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FIG. 3: (color online)(a) The oscillatory part of the torque
signal (τosc) for S1 and (b),(c) the resistivity (∆ρosc) for S2
as a function of normal magnetic fields B⊥ = B cos θ at 0.35
K at different tilting angles θ. The dashed lines are guides to
the eye. (d) Angular dependence of observed dHvA and SdH
frequencies (F cos θ) as a function of θ for S1 (squares) and S2
(circles). The dashed lines are the results from the ab-initio
calculations with GGA.
over a wide range of tilting angles are essential for reveal-
ing the highly-elongated 3D Fermi surfaces of BiTeI.
A key difference between the ring-torus-type and the
spindle-torus-type Fermi surfaces is observed in the cur-
vature of the inner Fermi surface along kz . For the ring-
torus-type, the cross-section increases more rapidly with
the tilting angle θ than the 2D cylindrical case. But, for
the spindle-torus-type, it decreases rapidly with θ at high
angles. Thus the angle dependence of the inner Fermi
surface close to the in-plane magnetic field is critical for
determining the Fermi surface topology of BiTeI. The
F cos θ for the inner Fermi surface [Fig. 3(c)] suddenly de-
creases at θ > 70o, consistent with the spindle-torus-type
FS. The calculated F cos θ assuming EF = 30 meV in the
GGA calculations shows a good agreement with the ex-
periments. This confirms the Rashha energy of ER ∼ 150
meV for the bulk Fermi surfaces of BiTeI [Fig. 3(a)]. We
note that the Rashba energy ER is much larger than the
Fermi energy of EF ≈ 30 meV. Hence, our system is close
to the transition of the Fermi surface topology, which can
be induced by tuning the EF across the degenerate point
with slight hole doping [7].
Now we discuss the spin chirality and the Zeeman ef-
fect in the quantum oscillations of BiTeI. For the Rashba-
split Fermi surfaces, the electron momentum-spin locking
produces non-trivial Berry’s phase in the cyclotron orbit,
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FIG. 4: (color online) The Landau fan diagram for (a) the
outer and (b) the inner Fermi surfaces for S3. The schematic
dispersion of Rashba split bands (α, the band index) and the
corresponding Fermi surfaces are shown in the inset. The solid
lines are the fitting curves taking into account the Zeeman ef-
fect (see the text), and the dashed lines are the asymptotic
curves without the Zeeman effects. The insets in (a) and (b)
show a deviation of the experimental data from the asymp-
totic curve without the Zeeman effects.
which gives an additional phase offset (γ) in the quan-
tum oscillations [11, 15, 29, 30]. The phase offset is es-
timated from the so-called Landau fan diagram, where
the extrema of the quantum oscillations (1/Bn) are plot-
ted with the Landau index (n) as shown in Fig. 4. For
a bulk system that has the resistivity (ρxx) much larger
than the Hall resistivity (ρxy), the integer filling factor
n is assigned to the maximum of the ρxx because ∆σxx
∼ −∆ρxx [11]. In this case, the extrapolation of the
Landau fan diagram to the limit of 1/B → 0 determines
the phase offset γ. For the spindle-torus-type Fermi sur-
faces, the spins in the inner Fermi surface circulate in
the opposite direction to those of the outer Fermi sur-
face. Then, γ is expected to be ±0.5 corresponding to
the non-trivial Berry’s phase of ±pi for the inner (α =
+1) and the outer (α = −1) Fermi surfaces. The Landau
fan diagram of BiTeI, however, exhibits a clear deviation
from the linear dependence at higher magnetic fields [Fig.
4]. This leads to γ ∼ −0.1 for both Fermi surfaces, far
from the expected values of ±0.5. Similar behaviour was
also reported for topological insulators such as Bi2Se3
[15].
According to recent theoretical calculations [29–31],
the phase offset γ depends on the magnetic field, be-
cause the Zeeman gap is induced near the quantum limit
at high magnetic fields. In this case, the inner Fermi
surface shrinks whereas the outer Fermi surface expands
with increasing magnetic fields. This leads to nonuniform
Landau level spacing at high magnetic fields, which is in-
deed found in our experiments. As shown in the inset of
Fig. 4, the deviation from the linear dependence shows
positive (negative) curvature for the inner (outer) Fermi
surfaces. Then γ near the quantum limit of high mag-
netic fields deviates from the zero-field limit of the phase
offset γB→0 = ±0.5 which corresponds to the intrinsic
Berry’s phase [29]. Therefore, the significant nonlinear
dependence of the Landau fan diagram indicates strong
Zeeman effects in BiTeI with a large effective g-factor.
The zero-field phase offset (γB→0) and the effective g-
factor are estimated using the procedure of Wright and
Mckenzie [30]. As shown in Fig. 4, the Landau fan dia-
gram for both the Fermi surfaces is fitted quite well by
the equation of n = F
B
− γB→0 − C[
dγ
dB
]B→0B. Here,
C[ dγ
dB
]B→0 is the parameter describing the effects of the
Zeeman gap and the electron-hole asymmetry [30]. The
fitting yields the zero-field phase offset of γB→0 = 0.3(2)
and -0.35(9) for the inner and the outer Fermi surfaces,
respectively. While a slight deviation from the ideal
value of ±0.5 is observed, which is presumably due to the
warping of the Fermi surface [10], the non-trivial γB→0
confirms the spin-chirality in the bulk Fermi surfaces
of BiTeI. In particular, the opposite signs of γB→0 for
the inner and the outer Fermi surfaces reveal the oppo-
sitely circulating direction of their polarized spins. This
is clearly consistent with the spindle-torus-type topology
of the Fermi surface as found in Fig. 3.
Effective g-factor from the fitting is estimated to be
g ∼ 56 and g ∼ 63 for the inner and the outer Fermi
surfaces, respectively [32]. These values are significantly
larger than the typical g-factor of ∼ 2, but similarly large
g-factor was found in Bi-based narrow-gap semiconduc-
tors such as Bi2Se3 [33]. Typical conditions for large
g-factor in semiconductors are known to be a small en-
ergy gap, strong spin-orbit interaction, and symmetry of
the energy bands [34]. These conditions are well-satisfied
in the electronic structures of BiTeI, which are in fact
considered as the origin of the giant Rashba effect [5].
With a large g-factor of ∼ 60, the Zeeman energy can
be comparable to the Fermi energy of EF ≈ 30 meV at
a magnetic field of B ∼ 10 T. We note that the Rashba
energy ER ∼ 150 meV in BiTeI is also well above the
Fermi energy EF . When the Rashba energy and Zeeman
energy exceed the Fermi energy, the spin-polarized chiral
states are realized as found in the surface states of topo-
logical insulators. This implies that BiTeI at moderate
magnetic fields or with exchange fields near the thin film
of ferromagnetic metals can support the spin-polarized
chiral states, providing a good platform of realizing ex-
otic electronic orders without the spin degeneracy.
In summary, based on dHvA and SdH oscillations of
BiTeI single crystals, we clarified the detailed nature
of the bulk Fermi surfaces of BiTeI: the spindle-torus-
type topology, the oppositely circulating spin chirality,
and the significantly large Zeeman effects with g-factor
of ∼ 60. Exploiting the 3D nature of BiTeI, we ex-
pect that various phase transitions can be explored by
modifying its electronic structure with e.g., pressure or
chemical doping. For example, recent theoretical calcula-
tions predicted that external pressure induces the band
inversion, which converts BiTeI into topological insula-
5tors [35]. Enhanced superconducting instability was also
proposed due to the effective reduction of the dimension-
ality in the low-density region of the Rashba system [36].
Strong Rashha and Zeeman coupling, therefore, render
BiTeI as a promising material for efficient spin control
using electric or magnetic fields as well as for hosting
various topological quantum phase transitions.
Authors thank Y. W. Son for helpful discussions. This
work was supported by the Mid-Career Researcher Pro-
gram (No. 2012-013838), SRC (No. 2011-0030785),
the Max Planck POSTECH/KOREA Research Initiative
Program (No. 2011-0031558) by the National Research
Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology. The work at the
HLD was supported by EuroMagNET II under the EU
contract number 228043. The work at the NHMFL was
supported by National Science Foundation Cooperative
Agreement No. DMR-1157490, the State of Florida, and
the U.S. Department of Energy.
[1] L.P. Gorkov and E.I. Rashba, Phys. Rev. Lett. 87,
037004 (2001)
[2] P. Fulde, and R. A. Ferrell, Phys. Rev. 135, A550 (1964);
A. I. Larkin, and Yu. N. Ovchinnikov, Zh. Eksp. Teor.
Fiz. 47, 1136 (1964).
[3] J. Alicea, Rep. Prog. Phys. 75, 076501 (2012); P. A. Lee,
arXiv:0907.2681.
[4] K. Ishizaka, M. S. Bahramy, H. Murakawa, M. Sakano,
T. Shimojima, T. Sonobe, K. Koizumi, S. Shin, H. Miya-
hara, A. Kimura, et al. Nat. Mater. 10, 521-526 (2011).
[5] M. S. Bahramy, and R. Arita, and N. Nagaosa, Phys.
Rev. B 84, 041202(R) (2011).
[6] A. Crepaldi, L. Moreschini, G. Aute`s, C. Tournier-
Colletta, S. Moser, N. Virk, H. Berger, Ph. Bugnon, Y.
J. Chang, et al. Phys. Rev. Lett. 109, 096803 (2012).
[7] G. Landolt, S. V. Eremeev, Y. M. Koroteev, B. Slomski,
S. Muff, T. Neupert, M. Kobayashi, V. N. Strocov, T.
Schmitt, Z. S. Aliev, et al. Phys. Rev. Lett. 109, 116403
(2012).
[8] M. Sakano, J. Miyawaki, A. Chainani, Y. Takata, T.
Sonobe, T. Shimojima, M. Oura, S. Shin, M. S. Bahramy,
R. Arita, et al. Phys. Rev. B. 86, 085204 (2012).
[9] J. S. Lee, G. A. H. Schober, M. S. Bahramy, H. Mu-
rakawa, Y. Onose, R. Arita, N. Nagaosa, and Y. Tokura,
Phys. Rev. Lett., 107, 117401 (2011).
[10] D. Shoenberg, Magnetic Oscillations in Metals (Cam-
bridge University Press, Cambridge, 1984).
[11] B. Seradjeh, J. Wu, and P. Phillips, Phys. Rev. Lett. 103,
136803 (2009).
[12] Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature
438, 201-204 (2005).
[13] J. Xiong, Y. Luo, Y. H. Khoo, S. Jia, R. J. Cava, and N.
P. Ong, Phys. Rev. B, 86, 045314 (2012).
[14] Z. Ren, A. A. Taskin, S. Sasaki, K. Segawa, and Y. Ando,
Phys. Rev. B 82, 241306(R) (2010).
[15] J. G. Analytis, R. D. McDonald, S. C. Riggs, J.-H. Chu,
G. S. Boebinger, and I. R. Fisher, Nat. Phys. 6, 960-964
(2010).
[16] C. Bell, M. S. Bahramy, H. Murakawa, J. G. Checkelsky,
R. Arita, Y. Kaneko, Y. Onose, M. Tokunaga, Y. Ko-
hama, N. Nagaosa, Y. Tokura, and H. Y. Hwang, Phys.
Rev. B, 87, 081109 (2013).
[17] C. Martin, E. D. Mun, H. Berger, V. S. Zapf, and D. B.
Tanner, Phys. Rev. B, 87, 041104(R) (2013).
[18] J.P. Perdew and A. Zunger, Phys. Rev. B 23, 5048
(1981).
[19] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
[20] G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169
(1996)
[21] A. V. Shevelkov, E. V. Dikarev, R. V. Shpanchenko, and
B. A. Popovkin, J. Solid State Chem. 114, 397 (1995).
[22] The torque magnetometry measures the aniostropy of the
magnetic susceptibility (∆χ = χc − χab) as described by
τ = m × B = 1
2
µ0V H
2∆χsin2θ, where µ0 and V are
the vacuum permeability and the sample volume, respec-
tively.
[23] G. A. H. Schober, H. Murakawa, M. S. Bahramy, R.
Arita, Y. Kaneko, Y. Tokura, and N. Nagaosa, Phys.
Rev. Lett., 108, 247208 (2012).
[24] Due to the nonmonotonous background in τ (B) at low
magnetic fields, the detailed analysis for the smaller orbit
corresponding to the inner FS was carried out mostly for
the SdH results.
[25] M. A. Wilde, M. Rhode, Ch. Heyn, D. Heitmann, D.
Grundler, U. Zeitler, F. Schaffler, and R. J. Haug, Phys.
Rev. B 72, 165429 (2005).
[26] J. Nitta, T. Akazaki, H. Takayanagi, and T. Enoki, Phys.
Rev. Lett 78, 1335 (1997).
[27] See Supplemental Material [URL will be inserted by pub-
lisher] for additional information regarding the Lifshitz-
Kosevich analysis on the SdH oscillations shown in Fig.
1(c) and (d).
[28] The high frequency for the outer Fermi surface is esti-
mated by the fast Fourier transform of the oscillations,
while the low frequency for the inner Fermi surface is
estimated by the slope of the Landau fan diagram.
[29] G.P. Mikitik and Y. V. Sharlai, Phys. Rev. Lett. 82, 2147
(1999); G.P. Mikitik and Y. V. Sharlai, Phys. Rev. B 85,
033301 (2012).
[30] A. R. Wright and R. H. McKenzie, Phys. Rev. B 87
085411 (2013).
[31] A. A. Taskin and Y. Ando, Phys. Rev. B 84, 035301
(2011).
[32] For the detailed information, see Eqs. (23)-(27) and (36)-
(40) in Ref.[30]. Here we used the calculated values of m
= 0.1 me and vF = 5.83×10
5 m/s for describing the
electron-hole asymmetry in BiTeI.
[33] H. Kohler, and E. Wochner, Phys. Stat. Sol. B 67, 665
(1975).
[34] L. M. Roth, B. Lax, and S. Zwerdling, Phys. Rev. 114,
90 (1959).
[35] M. S. Bahramy, B.-J. Yang, R. Arita and N. Nagaosa,
Nat. Commun. 3, 679 (2012).
[36] E. Cappelluti, C. Grimaldi, and F. Marsiglio, Phys. Rev.
Lett. 98, 167002 (2007).
